Introduction {#S0001}
============

Parkinson's disease (PD) is the second most common neurodegenerative disease and is characterized clinically by movement disorder, tremor, rigidity, as well as bradykinesia.[@CIT0005],[@CIT0030] The clinical pathophysiological changes of PD are the nigrostriatal system degeneration, which is characterized by loss of dopaminergic neurons in substantial nigra compacta (SNc), leading to dopamine depletion in the caudate putamen (CPu).[@CIT0014] The pathological hallmark of PD is Lewy bodies and Lewy neurites appeared in neurons in the brain.[@CIT0044] Studies have shown that Lewy bodies are composed of p-α-Synuclein and other aberrant proteins.[@CIT0034] Various neurotoxic chemicals including 1-methyl-4-phenyl-1,2,3,6-tetra hydropyridine (MPTP), 6-hydroxydopamine, rotenone and paraquat could induce PD in animals and human.[@CIT0010],[@CIT0018],[@CIT0026]

Microtubule-associated protein Tau is a neuronal protein that plays important roles in microtubule assembly and stabilization.[@CIT0041] The phosphor Tau (p-Tau) shows its tendency of aggregation which occurs in Alzheimer disease (AD), Pick disease and frontotemporal dementia with parkinsonism-17.[@CIT0037] The phosphorylation of Tau reduces its affinity for microtubules and accumulation in the brain and causing related Tauopathies,[@CIT0017] and also impact on microtubule binding and induces microtubule instability.[@CIT0004] Although p-Tau links to the pathogenesis of AD and other Tauopathies, recent studies have revealed that p-Tau has a relationship with PD.[@CIT0046] MAPT (encoded Tau protein) gene mutation in humans increases the risk of PD, and Tau aggregation and filaments have been observed in familial PD. P-Tau is also a component of Lewy bodies, which suggests that p-α-Synuclein and p-Tau have shared pathways or synergistic effect in the PD progression.[@CIT0013] The relationship between p-α-Synuclein and p-Tau remains unclear.

A recent report shows that α-Synuclein binds to phosphor Ser214 Tau to promote Tau phosphorylation at Ser262 in vitro.[@CIT0027] Glycogen synthase kinase 3β (GSK3β), cyclin-dependent kinase 5 (CDK5), mitogen-activated protein kinase (MAPK) target threonine and proline motifs of Tau to induce Tau phosphorylation.[@CIT0025] However, the role of p-Tau and the kinase GSK3β that phosphorylates Tau in PD remains unclear. Therefore, the aim of the current study was to reveal the relationship between p-α-Synuclein and p-Tau in the mouse MPTP model of PD.

Materials and Methods {#S0002}
=====================

The research was conducted in accordance with the Declaration of Helsinki and with the Guide for Care and Use of Laboratory Animals as adopted and promulgated by the United National Institutes of Health. All experimental protocols were approved by the Review Committee for the Use of Animal Subjects of Zunyi Medical University.

Animals and Treatments {#S0002-S2001}
----------------------

Six-week-old male C57BL/6 mice (n=36), weighting between 18 g and 20 g, were purchased from Zunyi Medical University (Zunyi, Guizhou, China). All mice were housed under standard conditions (22 ± 3°C, 50--55% humidity, 12 h light/dark cycles with food and water ad libitum) and randomly divided into three groups: Saline, MPTP and MPTP+AZD 1080 group. Mice in MPTP group were injected intraperitoneally 30 mg/kg body weight MPTP (M 0896, Sigma-Aldrich, St Louis, MO, USA) daily for 5 consecutive days.[@CIT0018] Mice in Saline group were injected intraperitoneally equal volume of saline. Mice in MPTP + AZD 1080 group were orally given 20 mg/kg body weight AZD 1080 (T 1741, Topscience Co Ltd, Shanghai, China) and MPTP injection. Twenty-four hours after the last injection, mice were euthanized and perfused with saline from the left ventricles. For Western blot analysis, the protein of six mice brains tissue was extracted for antibody incubation. For immunohistochemical staining, six mice brains were fixed with paraformaldehyde for 24 h.

Retrograde Labeling the Nigrostriatal Pathway {#S0002-S2002}
---------------------------------------------

Six mice were used for retrograde labeling. A recombinant adeno-associated virus serotype 2 expressing mCherry under the control of the hSyn promoter was constructed. 1.0 × 10^9^ genome copies in a volume of 300 nL were slowly injected at CPu (anterior/posterior (AP) + 0.74 mm, medial/lateral (ML) ± 1.5 mm, dorsal/ventral (DV) −3 mm), according to the Mouse Brain in Stereotaxic Coordinates. The wounds were conducted for anti--inflammatory treatment. Two weeks after the virus injection, mouse brains were acquired. MPTP was injected during the last five days. After the final MPTP injection, brain sections (40 µm) containing the SN area were cut using a cryostat microtome (Leica CM1950, Germany). Images were acquired using a LSM880 confocal microscope (Zeiss, Wurttemberg, Germany). The numbers of mCherry positive cells were calculated using the NeuronStudio.

Western Blot {#S0002-S2003}
------------

The hippocampus (Hippo) and substantia nigra (SN) tissues were dissected and lysed in radioimmunoprecipitation assay buffer with protease inhibitors at 4°C for 30 min. Protein concentration of the samples was measured with the BCA quantitative analysis kit (Biocolors, Shanghai, China). Equal amount of protein samples was separated by 15% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membrane (Millipore, Billerica, MA, USA). The membranes were blocked for 1h at room temperature using 5% BSA buffer, and then incubated with primary antibodies. Phosphor α-Synuclein (\#23706, Cell Signaling Technology, Danvers, MA, USA) was used to test the α-Synuclein when phosphorylated at Ser129. AT8 (\#MN1020, Thermo Fisher Scientific, MA, USA) was used to test the Tau when phosphorylated at Ser202/Thr205. α-Synuclein (\#2647, Cell Signaling Technology, Danvers, MA, USA) and Tau5 (\#ab80579, Abcam plc, Cambridge, UK) were used to test the total α-Synuclein and Tau protein, respectively. Membranes were washed with TBST and then incubated with the horseradish peroxidase conjugated secondary antibodies. Bands were visualized by ECL Plus chemiluminescent Western blot detection reagents and then quantified using Gel-Pro analyzer (Media Cybernetics Inc., Rockville, MD, USA). The amount of proteins was analyzed after adjusting for the loading control β-actin. The bands intensity was analyzed using Image J version 1.46 (NIH. MA. USA).

Immunofluorescence {#S0002-S2004}
------------------

Brain specimens were collected from mice in saline and MPTP groups. Coronal sections (40um) containing the SN, cortex, CA3 area of hippocampus, amygdala area and VTA were cut using a cryostat microtome. Brain sections were incubated with an anti-p-α-Synuclein (\#23706, Cell Signaling Technology, Danvers, MA, USA), anti-Tyrosine Hydroxylase (\#58844, Cell Signaling Technology, Danvers, MA, USA), anti- AT8 (\#MN1020, Thermo Fisher Scientific, MA, USA) or anti-Iba1 (\#ab178846, Abcam plc, Cambridge, UK). Second Alexa Fluor 568 or 488 conjugated antibody (\#A-11031, \#A-11001, Thermo Fisher Scientific, MA, USA) were incubated for 1 h followed by mounting in VECTASHIELD Antifade Mounting Medium containing DAPI (H-1200, Vector Laboratories, CA, USA). Images were obtained using a confocal LSM 880 microscope (Zeiss, Wurttemberg, Germany).

Immunohistochemistry {#S0002-S2005}
--------------------

Brain samples were fixed followed by embedding in paraffin wax. Brain sections (3um) containing the middle brain (MB), Hipp and SN were cut using a microtome (RM2235, Leica, Wetzlar, Germany). Antigen retrieval was performed by heating the sections at 120°C for 5 min and blocked using normal goat serum. Brain sections were incubated with anti- AT8 (\#MN1020, Thermo Fisher Scientific, MA, USA) or phospho GSK3β (Y216) (\#ab75745, Abcam plc, Cambridge, UK) overnight at 4°C followed by incubating with the second antibody. A 3, 3ʹ-diaminobenzidine (DAB) kit (CW2069S, CWBIO, Beijing, China) was used to protein visualization and couterstained with hematoxylin. Images were captured with a microscope equipped with a camera (Eclipse80, Nikon, Tokyo, Japan). The immune-reactive cells were counted using Image J version 1.46 (NIH. MA. USA).

Transmission Electron Microscope (TEM) {#S0002-S2006}
--------------------------------------

Brain specimens were collected from mice in saline and MPTP group. After fixation and processing, the tissues were embedded in resin and were cut using an ultratome UC7 (Leica, Wurttemberg, Germany). The sections were stained with lead citrate and then observed using an electron microscope (Tecnai G2 F20, FEI, La Jolla, CA, USA).

Behavioral Tests {#S0002-S2007}
----------------

Rotarod test and static rod test were performed following the standard protocol.[@CIT0008] For rotarod test, the rotarod was set at a start speed of 5 rpm, and acceleration rate of 20 rpm. Animals were placed on the rod and the rod start acceleration after 10 sec. The time taken by a mouse to fall from the rod was recorded and the test was repeated three times. Before the test, the mice were trained for three days. For static rod test, the 60 cm long rod with diameter of 15 mm was used. The rod was horizontally placed 30 cm above the ground and attached to the platform. Animals were placed at the end of the rod facing away from the platform. Orientation time (the time taken to turn the body around) and transition time (the time taken to touch the platform) were recorded. Pole test was performed at the second day after the PD model was accomplished. Animals were placed on the top of a metal rod (80 cm long with 9 mm diameter) facing up. The time taken by animals to reach the base of the rod was recorded. Before the test, animals were trained for three days.

Statistical Analysis {#S0002-S2008}
--------------------

All analysis was performed using the Graphpad Prism version 7.0 (Graphpad Software Inc., San Diego, CA, USA). Differences among means were assessed by Student's *t*-test for the saline and MPTP group samples. When comparing Saline group, MPTP group and MPTP + AZD 1080 group, one-way ANOVA followed by Bonferroni post hoc was used. The null hypothesis was rejected at 0.05.

Results {#S0003}
=======

Phospho α-Synuclein and Phospho Tau Protein Level Evaluation {#S0003-S2001}
------------------------------------------------------------

The immunoblotting, immunofluorescence and immunohistochemical staining were conducted to test the effect of MPTP on the levels of phospho α-Synuclein and Tau after 8 days of intoxication. As shown in [Figure 1A](#F0001){ref-type="fig"} and [B](#F0001){ref-type="fig"}, MPTP treatment increased the levels of phospho α-Synuclein, phospho-Tau, total α-Synuclein and total Tau protein in Hippo and SN. Moreover, immunofluorescence analysis showed comparable P-α-Synuclein positive cell number in cortex, CA3 area of hippocampus, amygdala area and VTA ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). P-α-synuclein was mainly localized in the nucleus and cytoplasm of the cells. Immunohistochemical analyses revealed that P-Tau positive cell number in MPTP group was increased in DG and CA1 area of hippocampus and EC than that in saline group. AZD 1080, a selective GSK3β inhibitor, reversed the increased number of P-Tau positive cell induced by MPTP ([Figure 2C](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}). P-Tau was localized in the cytoplasm around the nucleus and neurites with anomalous shapes.Figure 1MPTP induced α-syn and Tau phosphorylation in hippocampus and SN. (**A**) Immunoblot analysis with anti-α-Synuclein and anti-p-Tau antibody of hippocampal tissues. Analysis of immunoblotting bands showed that MPTP increased the expression of p-α-Synuclein and p-Tau protein in hippocampus. (**B**) Immunoblot analysis with anti-p-α-synuclein and anti-p-Tau antibody of SN tissues. Analysis of immunoblotting bands showed that MPTP increased the expression of P-α-syn and P-Tau protein in SN. Data were shown as mean ± SEM. Statistical analysis was performed using Student's *t*-test. \**p*\<0.05. n=6.Figure 2MPTP induced α-syn and Tau phosphorylation. (**A**) Representative images of P-α-syn staining in cortex, CA3 area of hippocampus, amygdala area and VTA. (**B**) Statistical analysis showed MPTP treatment increased the P-α-syn positive cell number in MPTP group was higher than that in saline group in cortex, CA3 area of hippocampus, amygdala area and VTA. (**C**) Statistical analysis showed P-Tau positive cell number in MPTP group was higher than that in saline group in DG, EC and CA1. AZD 1080 treatment reverse the p-Tau positive cell number increasing induced by MPTP in DG, EC and CA1. (**D**) Representative images of p-Tau staining in DG and CA1 area of hippocampus, and EC. Data were shown as mean ± SEM. Statistical analysis was performed using Student's *t*-test or one-way ANOVA followed by Bonferroni post hoc. \**p*\<0.05. n=6.

The Locational Relationship Between p-α-Synuclein and p-Tau {#S0003-S2002}
-----------------------------------------------------------

Double immunofluorescence staining showed that p-α-Synuclein and p-Tau were localized in SN and hippocampal DG after MPTP treatment ([Figure 3A](#F0003){ref-type="fig"}--[C](#F0002){ref-type="fig"}). P-α-Synuclein and p-Tau localized in the polymorph layer and molecular layer of DG in the saline group, respectively. P-α-Synuclein was upregulated and localized in polymorph layer, granule layer and molecular layer after MPTP treatment. P-Tau was also upregulated and localized in polymorph layer and molecular layer after MPTP treatment. It is notable that the two phosphor proteins were not localized in the same structures of polymorph layer and molecular layer of DG in Hippo ([Figure 3D](#F0003){ref-type="fig"}). P-tau protein formed plaques whereas p-α-synuclein was in the granule structures in SN ([Figure 3A](#F0003){ref-type="fig"}).Figure 3MPTP induced p-α-syn and p-Tau colocalization in SN and hippocampus. (**A**) Frozen sections contain SN area were co-immunostained for p-α-syn and p-Tau. MPTP induced the p-α-syn p-Tau protein increasing in SN compared to the saline group. Overlap of p-α-syn and p-Tau was observed in the expanded images. (**B**) Frozen sections contain hippocampal DG area were co-immunostained for p-α-syn and p-Tau. MPTP induced the p-α-syn p-Tau protein increasing in DG compared to the saline group. (**C**) Statistical analysis showed p-α-syn and p-Tau protein expression in SN and Hippo. (**D**) Schematic of the DG area showed the layers of p-α-syn and p-Tau colocalization. Overlap of p-α-syn and p-Tau was colocalized in polymorph layer and molecular layer of DG. Statistical analysis was performed using Student's *t*-test. \**p*\<0.05. n=6.

GSK3β Activation in PD Mice Model {#S0003-S2003}
---------------------------------

Immunohistochemical staining against phosphor GSK3β Y216, the activated form of GSK3β, was performed in order to investigate the kinase that may phosphorylate Tau.[@CIT0003] The phosphor GSK3β positive cell number in MPTP group was increased in MB, SN, CA3 and DG than that in saline group. AZD 1080 reversed the increased number of GSK3β positive cell induced by MPTP ([Figure 4A](#F0004){ref-type="fig"}--[C](#F0002){ref-type="fig"}). The Western blot analysis showed the similar results ([Figure 4D](#F0004){ref-type="fig"} and [E](#F0002){ref-type="fig"}). The phosphor GSK3β localized in the cytoplasm and neurites of the neurons. Furthermore, about 80% of cells expressed high amount of phosphor GSK3β protein in MB and, DG and CA3 of Hippo. Similar to the immunohistochemical analysis, AZD 1080 reversed the increasing level of phosphor GSK3β/Total GSK3β induced by MPTP ([Figure 4D](#F0004){ref-type="fig"} and [E](#F0002){ref-type="fig"}) in the hippocampus. As shown in [Figure 4B](#F0004){ref-type="fig"}, there was a significant difference in two groups.Figure 4MPTP induced phosphor GSK3β in MB, SN and Hippo. (**A**) Paraffin sections containing MB, SN and hippocampus were staining for phospho GSK3β (Y216). (**B**) Statistical analysis showed MPTP treatment increased the phosphor GSK3β protein expression in MB and SN. AZD 1080 inhibit GSK3β phosphorylation level. (**C**) Statistical analysis showed MPTP treatment increased the phosphor GSK3β protein expression in CA3 and DG. AZD 1080 inhibit GSK3β phosphorylation level. (**D**) Immunoblot analysis with anti-phosphor GSK3β and anti-Total GSK3β antibody of Hippo tissues. (**E**) Statistical analysis showed relative phosphor GSK3β/Total GSK3β of Hippo tissues. Statistical analysis was performed using one-way ANOVA followed by Bonferroni post hoc. \**p*\<0.05. n=6.

Dopaminergic Neurodegeneration Evaluation {#S0003-S2004}
-----------------------------------------

TH antibody immunofluorescence staining was conducted to test the dopaminergic neurodegeneration of SN in MPTP-treated mice. As shown in [Figure 5A](#F0005){ref-type="fig"} and [C](#F0002){ref-type="fig"}, MPTP reduced the number of dopaminergic neurons in SNc and VTA. Specifically, MPTP caused an approximately 56% and 62% reduction in the number of dopaminergic neurons in SNc and VTA, respectively. Next, we injected AAV-retro-hSyn-mCherry virus into CPu, the innervating target of SNc neurons, to retrograde label dopaminergic neurons in the SNc. [Figure 5B](#F0005){ref-type="fig"} and [D](#F0002){ref-type="fig"} showed that MPTP reduced number of retrogradely labelled neurons in the SNc when compared with saline group.Figure 5MPTP induced dopaminergic neurodegeneration. (**A**) Immunofluorescence of SN and VTA dopaminergic neurons by TH antibody. (**B**) Schematic of the retrograde labeling. AAV-retro-hSyn-mCherry virus were injected into CPu to label the dopaminergic neurons in SNc. Representative image showed AAV-retro-hSyn-mCherry virus were injected into the CPu area. The mCherry fluorescence was visualized by laser confocal microscope. (**C**) MPTP treatment decreased TH positive neuron number compared with the saline group in SNc and VTA. (**D**) Representative images showed neurons which projected to CPu in SN were labeled by AAV-retro-hSyn-td tomato virus. Data were shown as mean ± SEM. Statistical analysis was performed using Student's *t*-test. \**p*\<0.05. n=6.

Microglia Activation in PD Mice Model {#S0003-S2005}
-------------------------------------

Microglial marker *Iba1* antibody immunofluorescence staining was conducted in order to test the inflammation response after MPTP treatment in mice. In [Figure 6](#F0006){ref-type="fig"}, increased microglia numbers in MPTP group were observed in Hippo and SN compared with the saline group. The number of microglia in Hipp and SN of mice in the MPTP group were ten-fold and five-fold that in the saline group, respectively. Furthermore, the microglial processes were elongated and increased when compared with the saline group ([Figure 6A](#F0006){ref-type="fig"} and [B](#F0002){ref-type="fig"}).Figure 6Microglia activation after MPTP treatment. (**A**) Representative photomicrographs of the Hippo and SN of frozen section immunolabeled with Iba1 (microglial marker). (**B**) Stereological assessment of sections showed a significant increase of the microglial number in Hippo and SN. \**p*\<0.05, n=6.

Microtubule Depolymerization in PD Mice Model {#S0003-S2006}
---------------------------------------------

Immunofluorescence staining with Tau antibody was conducted to test the microtubule number of the neurons. Microtubule loss was observed in MPTP group compared with the Saline group ([Figure 7A](#F0007){ref-type="fig"} and [D](#F0002){ref-type="fig"}). Consistent with the immunofluorescence staining results, TEM results showed the number of microtubule was decreased in MPTP group compared with the Saline group ([Figure 7C](#F0007){ref-type="fig"} and [G](#F0002){ref-type="fig"}). The morphology of mitochondrial, myelin sheath, synapse was also observed using TEM. After MPTP treatment the mitochondrial cristae was disappeared and damaged ([Figure 7B](#F0007){ref-type="fig"} and [E](#F0002){ref-type="fig"}). The synaptic vesicle number was decreased in MPTP group than the Saline group ([Figure 7B](#F0007){ref-type="fig"} and [F](#F0002){ref-type="fig"}).Figure 7Tau phosphorylation induced neurodegeneration through microtubule depolymerization. (**A**) Representative photomicrographs of the Hippo of frozen section immunolabeled with Tau. (**B**) Electron microscopic images of the mice hippocampus showed that mitochondrial crista was disappeared and damaged, and synaptic vesicle number was decreased, and (**C**) microtubule loss after MPTP treatment. Red arrows indicate the myelin sheath and blue arrows indicate the mitochondrion. (**D**) Statistical analysis showed MPTP treatment decreased the neuritis, (**E**) the healthy mitochondrion number, (**F**) the synaptic vesicle number, and (**G**) the microtubule number in Hippo. \**p*\<0.05. n=12.

Behavioral Performance in PD Mice Model {#S0003-S2007}
---------------------------------------

The rotarod test, static rod test and pole were used to test the motor function of the PD mice. The rotarod test showed MPTP induced a significant loss of latency to fall from the rotarod, and AZD 1080 rescued the time loss induced by MPTP ([Figure 8A](#F0008){ref-type="fig"}). MPTP induced an increase in the orientation time and transition time in the static rod test. AZD 1080 shortened the orientation time and transition time compared to the MPTP group ([Figure 8B](#F0008){ref-type="fig"}). MPTP increased the time of moving down along the pole. AZD 1080 reversed the increase in the time of moving down induced by MPTP in the pole test ([Figure 8C](#F0008){ref-type="fig"}).Figure 8Behavioral performance in PD mice model. (**A**) The mice in each group were analyzed using the rotarod test. MPTP induced a significant loss of latency to fall from the rotarod, and AZD 1080 rescued the time loss induced by MPTP. (**B**) Statistical analysis of the static rod test showed MPTP induced an increasing time of orientation time and transit time. AZD 1080 shortened the orientation time and transit time compared to the MPTP group. (**C**) Statistical analysis of the pole test showed MPTP extended the time of climb down the pole. AZD 1080 reversed the increasing time induced by MPTP. Data were shown as mean ± SEM. Statistical analysis was performed using one-way ANOVA followed by Bonferroni post hoc. \**p*\<0.05. n=6.

Discussion {#S0004}
==========

It has remained a great challenge to develop an appropriate model for PD. Despite a number of models are currently available, none of these models mimics all features of PD. MPTP model is one of the classic models and used by many researchers but it is not clear whether MPTP model is appropriate to model the main pathological hallmarks of AD such as α-Synucleinopathy and tauopathy. Previous studies have found that accumulation, phosphorylation and aggregation of Tau and α-Synuclein are features of distinct neurodegenerative diseases known as Tauopathies and Synucleinopathies, respectively.[@CIT0001],[@CIT0040] PD is characterised by α-synuclein phosphorylation and fibrillization.[@CIT0037],[@CIT0039] The hyperphosphorylation of Tau may promote its aggregation in vitro.[@CIT0009] However, whether Tau phosphorylation occurs in the MPTP model of PD remains unknown. In the current study, the p-α-Synuclein and p-Tau protein level, and GSK3β activation in PD mouse model were evaluated. We demonstrated that P-Tau protein was upregulated in the MPTP mouse model of PD and proposed the possible mechanism of MPTP induced neurodegeneration. Inhibiting GSK3β activation by AZD 1080 alleviated the P-Tau protein level. P-α-Synuclein and p-Tau were localized in the same brain structures such as hippocampus and SNc after MPTP treatment, forming larger plaques in PD progression. Our investigation for the first time revealed the activation of GSK3β in MPTP mouse model of PD, and revealed that both p-Tau and p-α-Syn are present together with the loss of dopaminergic neurons in the MPTP mouse model. Moreover, inhibiting GSK3β activation alleviated the motor impairment in PD model. As all these pathological changes are hallmarks of PD, our data suggest MPTP model is likely an appropriate model for PD.

The MPTP were used to produce a reliable mouse model of PD.[@CIT0018] Reduction of neurons in SNc which project to CPu reflects the nigrostriatal system neurodegeneration after MPTP treatment, suggesting the mouse model of PD was successful ([Figure 5B](#F0005){ref-type="fig"} and [D](#F0002){ref-type="fig"}). Consistent with the previous studies,[@CIT0015] after five days of MPTP injection, a 56% loss of dopaminergic cell bodies in the SNc was observed.[@CIT0022] The reduction in the number of retrogradely labelled SNc neurons further confirmed MPTP-induced neurodegeneration.

P-Tau protein was upregulated in the MPTP mouse model of PD. In the current study, p-α-Synuclein and α-Synuclein protein were increased in SN and Hippo areas ([Figure 1A](#F0001){ref-type="fig"} and [B](#F0002){ref-type="fig"}), which is consistent with former studies.[@CIT0023],[@CIT0033] In addition, the upregulated p-α-Synuclein mainly localized in the limbic systems such as cortex, polymorph layer of hippocampal, amygdala and VTA ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). In the cellular level, the p-α-Synuclein localized in the nucleus and cytoplasm in cortex, amygdala, VTA and pyramidal layer of hippocampal CA3, and neurites in polymorph layer of hippocampal CA3. This is due to the α-Synuclein is originally localized in the nucleus and presynaptic terminals, and polymorph layer of hippocampus is rich of synapses ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). A-Synuclein is mostly located in presynaptic terminals that are involved in maintaining synaptic vesicle trafficking homeostasis.[@CIT0019],[@CIT0028] The upregulation, posttranslational modification such as sumoylation and phosphorylation, and polymerization of α-Synuclein is thought to the hallmarks of PD.[@CIT0020],[@CIT0042] The fibril form of α-Synuclein in the Lewy body is the most toxic in central nervous system.[@CIT0011],[@CIT0038] Moreover, Lewy body is rich in phosphorylated α-Synuclein.[@CIT0016],[@CIT0036]

It is well known that GSK3β is one of the kinases that phosphorylate Tau. Phosphor GSK3β Y216, the activated form of GSK3β, was increased in multiple brain areas including MB, SN, hippocampal DG and CA3 ([Figure 4A](#F0004){ref-type="fig"}--[E](#F0002){ref-type="fig"}). Thus, Tau phosphorylation in PD mouse model might be GSK3β -dependent. Tau phosphorylation and Aβ aggregation are pathological characteristics of AD.[@CIT0041] Phosphorylation of Tau including Thr231, Ser202/Thr205 and Ser396 sites occur in the AD progression.[@CIT0007] However, Tau phosphorylation at Ser202/Thr205 site was observed in our PD mouse model ([Figure 2D](#F0002){ref-type="fig"}), suggesting that Tau phosphorylation is also a pathological feature of PD. Using AZD 1080, a specific GSK3β inhibitor, alleviated the Tau phosphorylation level in this PD model, suggested that Tau phosphorylation in this PD model might through GSK3β pathway. Furthermore, p-α-Synuclein partially colocalized with p-Tau in Hippo and SN, and p-α-Synuclein and p-Tau formed plaques in SN ([Figure 3A](#F0003){ref-type="fig"}, [C](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}). This is likely due to p-α-Synuclein aggregate with p-Tau in this PD model. The total Tau protein was increased either in Hippo and SN. Previous studies showed that Tau and α-Synuclein had a synergistic fibrillization in vitro and in vivo.[@CIT0013],[@CIT0031] α-Synuclein binds to phosphorylated Ser214 Tau to promote Tau phosphorylation at Ser262 in vivo, and knockout of α-Synuclein suppressed Tau phosphorylation at Ser262.[@CIT0027] Multiple kinases are account for Tau phosphorylation including PKA, PP2A and GSK3β.[@CIT0024],[@CIT0041],[@CIT0043] Among these, GSK3β is a threonine and serine kinase, and activation of GSK3β could phosphorylate Tau in AD progression.[@CIT0012] Moreover, the α-Synuclein deficiency mice were resistance to the MPTP.[@CIT0006]

In this study, the microglial processes were elongated and microglia number was increased ([Figure 6A](#F0006){ref-type="fig"} and [B](#F0002){ref-type="fig"}). Consistent with the previous studies, microglial activation was observed in the Hipp and SN after MPTP treatment.[@CIT0035] Microglial activation is a characteristic of neurodegenerative diseases, and the function of microglia is phagocytosing the excessive toxic protein.[@CIT0032],[@CIT0045]

The microtubule number was decreased ([Figure 7A](#F0007){ref-type="fig"}, [C](#F0002){ref-type="fig"}, [D](#F0002){ref-type="fig"} and [G](#F0002){ref-type="fig"}) after MPTP treatment. In the current study, p-Tau induced neurodegeneration through microtubule depolymerization. Consistent with previous studies, Tau is thought to stabilize axonal microtubules and Tau phosphorylation leads to microtubule depolymerization.[@CIT0029]

The motor dysfunction was observed in animal models and PD patients.[@CIT0002] Here, behavioral tests were used to evaluate the motor function of the mice in each group including rotarod test, static rod test and pole test. MPTP induced a severe motor impairment using different behavioral tests. Inhibiting GSK3β activation attenuated the motor impairment in PD model ([Figure 8A](#F0008){ref-type="fig"}--[C](#F0002){ref-type="fig"}). The results are consistent with previous studies, regulating GSK3β signaling might ameliorate motor deficit in early state PD.[@CIT0021]

Conclusion {#S0005}
==========

Taken together, in the PD progress, MPTP induced the phosphorylation of α-Synuclein, which leads to mitochondrial morphology damage and mitochondrial dysfunction, synaptic vesicle reduction, and motor impairment. MPTP induced the Tau phosphorylation, likely through GSK3β activation. Tau phosphorylation induced a decrease in the number of microtubules and destruction of axonal myelin sheath. These two pathways contribute to the neuronal death and neurodegeneration conjointly. These findings provide insights into mechanisms of PD, and suggest the inhibiting the GSK3β and Tau phosphorylation might be effective on PD.
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